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new studies reveal that polarity proteins are highly dynamic in yeast cells
responding to a pheromone gradient and suggest that this behavior is
important for robust directional growth.Robert A. Arkowitz1,2
Directional movement and growth
underlie a range of fundamental
biological processes. External
chemical cues are crucial for directing
cell movement and growth; how cells
interpret and respond to these cues
dictates their ability to maneuver in
complex environments. A salient
example is during sexual reproduction.
It is commonly accepted that two
partners need to find one another and
come together for successful sexual
reproduction. This is a particular
challenge for non-motile cells, such as
fungi, where getting together is not
trivial. Most fungi produce diffusible
peptide mating pheromones, which
result in precisely controlled, yet
dynamic chemical gradients [1]. Key
to cell polarization is the small, highly
conserved Rho GTPase, Cdc42, which,
along with other cell-polarity regulators
and effectors, plays a central role in the
temporal and spatial control of the
cytoskeleton and vesicle traffic, both
of which are essential for directional
growth [1,2].
Wandering or assembly/disassembly
of cell-polarity protein complexes has
previously been observed in mutant
budding yeast that lack connections to
the pheromone receptor and/or to the
budding landmark, either during the
response to pheromone or budding,
respectively [3,4]. Up until now,
however, this phenomenon has not
been observed in a physiologically
relevant context — i.e. in wild-type
cells responding to a pheromone
gradient. Two new studies published in
this issue of Current Biology [5,6] now
reveal a wandering, dynamic cluster of
polarity proteins, including activated
Cdc42 and its regulators, in budding
yeast Saccharomyces cerevisiae and
fission yeast Schizosaccharomyces
pombe responding to mating
pheromone. Furthermore, these
studies indicate that this wanderingor assembly/disassembly of polarity
proteins is critical for mating.
While the movement or appearance/
disappearance of the polarity site has
previously been observed in budding
yeast mutants responding to mating
pheromone, the temporal resolution of
these experiments made it difficult to
assess the dynamics. Furthermore, this
wandering phenomenon was observed
only in mutants that lacked functional
connections to both the pheromone
receptor and the budding landmark,
i.e. cdc24-m1 rsr1D mutants. In
contrast to budding yeast, mating in
S. pombe only occurs under starvation
conditions and hence this external
signal-mediated polarized growth
process has been little studied [7].
Not much is known about the behavior
of polarity proteins during S. pombe
mating, yet cell-end markers, including
the kelch domain-containing protein
Tea1, the CLIP170-like microtubule
plus-end tracking protein Tip1 and
the kinesin-like protein Tea2, are not
required for polarized growth in
response to mating pheromone, nor
do they localize to tips of mating
projections [8]. The pear-shaped
S. cerevisiae cells that form upon
exposure to mating pheromone are
referred to as shmoos, a term coined by
the geneticist H. Roman in reference to
an Al Capp fictional cartoon creature.
Shmoos in S. pombe tend to be bent
and in both yeasts directional growth
towards a mating partner is thought
to result in their characteristic shapes.
Rapid image acquisition in
S. cerevisiae revealed an unexpected
oscillatory clustering of polarity
proteins during the initial stages of
budding polarity establishment [3]. In
S. pombe, similar oscillatory dynamics
of activated Cdc42 have been recently
observed during the transition from
monopolar to bipolar growth [9].
Interestingly, the oscillatory period in
both of these systems was around
5 minutes. Relocation of the polarityprotein clusters was also observed
in these two yeasts, either to the
previous bud neck site (S. cerevisiae)
or to the new end (S. pombe). In the new
studies published in this issue [5,6],
fluctuations in theposition and intensity
of key polarity proteinswere followed in
wild-type S. cerevisiae and S. pombe
cells responding to mating pheromone.
Movement or appearance/
disappearance of the polarity site
was observable in these two yeasts
when exposed to low pheromone
concentrations, an artificial pheromone
gradient and during mating
(Figure 1A,B). High-resolution imaging
revealed that displacement or
disassembly/assembly of polarity
proteins occurs within a 1–2 minute
period [5,6]. While in both yeasts the
intensity of these patches fluctuates,
in S. cerevisiae the patches appear
to wander, whereas in S. pombe
the regions appear to disassemble/
assemble. Photoactivation or
photobleaching approaches will
be necessary to unequivocally
distinguish between wandering
and/or disassembly/assembly in these
systems. Exposure of both yeasts to
isotropic low concentrations of mating
pheromone (below the receptor Kd)
triggered polarity-site wandering or
disassembly/assembly, which was
dramatically reduced when these
yeasts were treated with saturating
pheromone levels. In S. cerevisiae
responding to a pheromone gradient,
a similar wandering behavior was
observed. In mating S. pombe cells,
dynamic, discrete zones of activated
Cdc42 appeared and disappeared
around the cell periphery prior to
shmoo formation, whereas upon
shmooing, a single stable zone of
activated Cdc42 was present at the
shmoo tip.
What is the function of this dynamic
behavior? It has been suggested that
wandering of polarity proteins may
facilitate reorientation of growth
towards a pheromone gradient,
thereby repositioning growth towards
a mating partner [6]. To investigate
the function of polarity-patch
wandering, Dyer et al. [6] tethered
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Figure 1. Polarity-patch dynamics in yeast during mating.
Localization of polarity-protein clusters (red/pink) in (A) S. pombe and (B) S. cerevisiae cells
responding to low concentrations (sub-saturating) of mating pheromone. Upon exposure to
increased concentrations or a steeper gradient of mating pheromone, the wandering polarity
site becomes fixed or biased towards the source of mating pheromone. Wandering is critical
for efficient gradient tracking and mating partner selection. (C) Model of actin-dependent
vesicle driven polarity-patch dynamics [6]. Directed actin-dependent (blue cables) vesicle
traffic (black spheres) drives polarity protein (red/pink) wandering (green arrows), which
enables cells to time average signals and hence filter out noise. Note that when secretory
vesicle fusion occurs adjacent to the polarity patch this can result in a shift in its position,
i.e. displacement, whereas if fusion occurs near the center of the patch this could disassemble
the patch, which then could assemble elsewhere (indicated by the light green arrows). The
transition from pale to stronger colours reflects the temporal order of events, with the palest
colours reflecting initial localization and strongest colors indicating final localization.
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Bem1, to membranes using a v-SNARE
transmembrane domain. This chimera
blocked wandering in the cdc24-m1
rsr1D mutant and wild-type cells
exposed to pheromone and resulted
in ‘pointy’ shmoos. While wild-type
cells with mating projections that
were not aligned in a pheromone
gradient reoriented their growth over
several hours, cells expressing
membrane-tethered Bem1 did not,
suggesting that polarity-patch
wandering is critical for tracking
a gradient. In S. pombe mutants with
increased pheromone signaling, such
as a pheromone receptor mutant that
cannot be internalized or a Ga mutant
that is constitutively active, exploratory
Cdc42 behavior was not observed [5].
Furthermore, these mutants mated
preferentially with sister cells as
opposed to the wild-type cells, which
mated primarily with non-sister cells. In
S. pombe mating, it appears that the
observed exploratory behavior is
important to allow cells to position
growth away from the default site, i.e.
the poles [5]. A small fraction of fission
yeast that were exposed sequentially
to low and then high levels of mating
pheromone formed projections from
their sides, resulting in T-shaped cells.
It is intriguing that a dynamic
polarity patch is observed in these
two divergent fungi, despite specific
differences in its temporal and spatial
behaviors. Wandering is more
constrained in S. cerevisiae in
a pheromone gradient, with
approximately 1.5 mm2 explored in
20 minutes. In contrast, zones of
activated Cdc42 formed around the
entire cell periphery during S. pombe
mating, with a higher proportion at
the cell poles — roughly half of the cell
periphery was explored in 20 minutes.
The location of the polarity patch
in S. cerevisiae responding to
a pheromone gradient is predominantly
on the side of the cell facing the
pheromone source and in S. pombe
the zonesof activatedCdc42arebiased
toward the adjacent mating partner.
Perhaps the differences in polarity-
patch dynamics in these two yeasts
are due to different cell geometries,
different stabilities of growth landmarks
(e.g. poles in S. pombe), or different
mobilities/activation of cell-polarity
proteins. Nonetheless, the conserved
intracellular dynamics appear to be
critical for robust and precise gradient
tracking.Even at saturating concentrations
of mating pheromone, extensive
polarity-site wandering (4–5 mm2explored in 20 minutes) was observed
in S. cerevisiae cdc24-m1 rsr1D
mutants, qualitatively similar to what
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intact actin cytoskeleton is important
for this wandering; disruption of actin
cables and patches resulted in an
approximately twofold reduction in
the area explored after 20 minutes.
This suggests that actin-dependent
vesicle traffic is important for the
displacement of the polarity site and
furthermore it was shown that the
type V myosin Myo2, which transports
secretory vesicles to the plasma
membrane [10], also contributes to
wandering [6]. The authors make
use of a mathematical model that
combines two processes with respect
to activated Cdc42 — mechanistic
reaction–diffusion including a positive
feedback loop and vesicle traffic
[11] — and propose that secretory
vesicle fusion that occurs adjacent
to the polarity patch shifts the position
of the patch due to dilution of polarity
regulators at the site of fusion [6]
(Figure 1C). Based on simulations
and known parameters, fusion of
a single 100 nm secretory vesicle
could shift the peak of the polarity
patch by up to 10 nm! Accordingly,
vesicle delivery (w50/minute) by
a limited number of actin cables
would be critical for polarity-site
wandering and, in simulations,
wandering was most sensitive to
cable lifetime [6]. It will be important
to test this aspect of the model by
following actin cable dynamics using
TIRF microscopy (enabling
visualization of their termini at the
cortex), as has been done in budding
cells [12].
Polarity-patch movement also
exhibited substantial persistence, i.e.
propensity to move in the same
direction, which was recapitulated
by the model as multiple vesicles
tend to fuse at the same location [6].
In the simulation, the degree of patch
persistence depended on the number
of cables and their lifetime. The number
of actin cables observed in budding
cells (10–25 depending on whether
cell are polarized) [12], together with
the polarity-patch persistence
measurements in the cdc24-m1 rsr1D
mutant [6] suggest that cable lifetimes
are approximately 1 minute. It remains
to be seen whether actin cables are
clustered or dispersed and what their
numbers and lifetimes are in cdc24-m1
rsr1D cells responding to pheromone.
While the mathematical model of
polarity-site wandering simulates this
process remarkably well, there arequantitative differences that suggest
additional processes and fine-tuning
contribute. For example, even in
cdc24-m1 rsr1D cells lacking an intact
actin cytoskeleton, some wandering
of polarity proteins is still observed.
Furthermore, in both S. cerevisiae and
S. pombe, there appear to be intensity
fluctuations in these clusters over time
[5,6]. It is likely that the polarity sites
wander and disassemble/assemble
in both yeasts, but that the relative
contributions of these two processes
varies. From modeling in S. cerevisiae,
it has been speculated that the
dynamic positioning of the polarity
patch allows cells to time average
signals and thereby filter out stochastic
noise, enabling the tracking of dynamic
shallow gradients [6]. However, this
would likely require a bidirectional
transfer of information between the
polarity patch and the pheromone
receptor. It is tempting to speculate
that dynamic positioning functions
similarly in S. pombe. Interestingly,
S. cerevisiae cells responding to
pheromone gradients or reorienting
to a change in gradient are less pointy
and more blunt [6,13–15], consistent
with the proposal that wandering
is critical for gradient tracking.
Elucidating the additional mechanisms
that control spatial and temporal
concentration fluctuations of polarity
proteins in fungal mating will be crucial
for our understanding of the conserved
principles that enable robust, precise
gradient tracking.References
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Circuits Arise Independently of
LaminationThe evolutionary origin of the six-layered mammalian neocortex has been
controversial. New data on genes with layer-specific expression in mammalian
cortex have found an expression pattern in avian forebrain neurons consistent
with the view that ‘cortical’ cells and circuits are present in all amniotes, but
with different macroarchitectures in birds versus mammals.Harvey J. Karten
Our sensory, motor and cognitive
capabilities all depend upon asmoothly functioning neocortex, the
layered structure on the surface of our
brains. What is the evolutionary history
of the cortex? Did it arise de novo in
